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The University of California at Santa Barbara free-electron laser was used to investigate the 
kinetics of electrons bound to shallow donors in n-GaAs by saturation spectroscopy, The 
resonant photothermal conductivity arising from Is-2p f- shallow donor excitations in a 
magnetic field was measured at intensities greatly exceeding that of earlier investigations and 
saturation of bound-to-free photoionization transitions was achieved. The impurity resonance 
photoconductive signal shows a distinct intensity dependence caused by competing bound-to-
free transitions which saturate differently, This permits a more detailed evaluation of the 
dectron recombination kinetics than was previously possible, yielding the ionization 
probability of the 2p + state, the transition time of electrons from the 2p + level to the gound 
state, and the recombination time of free carriers, 
At low temperatures, the kinetics of electrons bound to 
shallow impurities in high-purity semiconductors may be 
studied by saturation spectroscopy using high-power, far-
infrared (FIR) lasers, Several studies involving resonantim-
purity transitions and cyclotron resonance were carried out 
using transverse excited atmosphere (TEA) -C02 laser 
pumped molecular FIR lasers 1-3 and electrically pulsed qua-
si-cw lasers emitting -100 /.lS pulses,4-7 The saturation of 
the ls-2p -l shallow donor transition in n-GaAs in an exter-
nal magnetic field B was studied in absorption4 ,5 and in pho-
tothermal conductivity6 as a function of applied FIR laser 
power, Within the intensity range of quasi-cw lasers, the re-
laxation rate associated with this transition is adequately 
described in analogy to a two-level system with a single de-
cay constant rcff' Since ref!' is longer than the pulse width of 
TEA pumped FIR lasers, they are not useful for higher pow-
er, steady-state saturation behavior studies, 
In the present work, we examine the saturation behavior 
of the photothermal conductivity of both the Is-2p 1- (reso-
nant) and Is-free carrier (background) transitions in n-
GaA!; using 1 fls FIR pulses from the University of Califor-
nia at Santa Barbara Free Electron Laser (UCSB FEL),8 
The FIR pulses are long enough to obtain steady-state condi-
tions during irradiation and high enough in power to extend 
the quasi-cw FIR laser saturation measurements made by a 
factor of 500 in intensity. This made possible background 
saturation measurements previously unachievable with 
quasi-cw FIR lasers, Most important, it revealed that the 
resonant transition relaxation is not describable in terms of a 
two-level system at higher powers, 
The sample used was a high-purity n-GaAs epitaxial 
layer of 14.6 pm thickness having an effective donor concen-
tration Pa = Nd - Na = 8,3 X 1013 cm -3, a compensation 
ratio NalNd = 0,75, where Na and Nd are the concentra-
tions of acceptors and donors respectively, and mobility 
fl = L 14 X 105 cm2;V sat T = 77 K. The FEL was tuned to 
A = 164 11m in order to complement previously taken data 
with a quasi-cw CH30H laser. At this wavelength the Is-
2p + resonance occurs at B = 2,05 T with the 2p -j- level 
slightly above the ]\[ = 0 Landau level (Fig, 1), The photo-
conductive signal G at the center of the resonance was mea-
sured over more than four orders of magnitude of FIR inten-
sity I, Over this range of I we found GU) on resonance 
cannot be modeled by a two-level system with a single satu-
ration intensity. Instead, it is essential to include excitations 
both from the Is state directly into the continuum and also 
into a short-lived metastable state'> which overlaps the Is-
2p" resonance at B = 2.,05 T. 
We analyzed the on resonance data using a three-state 
model depicted in the inset of Fig, 1, The rate equations are 
(1) 
where 11, nd< n~, are the concentrations of electrons in the 
conduction band, the Is ground state, and the 2p+ state, 
respectively. The absorption cross sections of the Is-free car-
rier and ls-2p+ transitions are O'c and O'r respectively, Fis 
the photon flux density llw) of the circular polarization of 
FIR causing each transition, Each transition couples to op-
posite circular polarizations, although the FIR impinging 
onto the sample was unpolarized, 'Ii 1 is the rate at which 
electrons relax from the 2p+ state to the ground state while 
remaining bound to the donor andX~ is the rate at which the 
electrons get ionized from the 2p + level. 'T 1- 1 is the rate at 
which free carriers relax to the Is ground state, not the life-
time of the free carriers, The stimulated emission contribu-
tion to dnl dt is neglected both because of the large density of 
continuum states and because the electrons in the conduc-
tion band relax to the bottom of the band on a picosecond 
time scale, 10 
The rate equations were solved under steady-state con-
ditions Cd Idt = 0) assuming local neutrality 
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FIG. 1. Shallow donor energy-level splittings ofll-GaAs in applied magnet-
ic field. a is the FEL photon energy. Inset is schematic energy-level diagram. 
Fa = Nd - N" = nd + n! + n. We also neglected the n2 re-
combination term due to the large number of acceptors (nl 
Na -{ 1) and because only a small fraction of the available 
electrons are actually excited to the band. The optically gen-
erated free-electron density is found to be 
n =P,,7jg, (2) 
where the generation rate g is 
P*lYrF + O"cF + s*r2(ic O"r F2 g = (3) 
1 + 2reffO"rF + T10"cF + 7rS*7zO",.(irF2 
and p* = X ~ I (X ~ + 7';: I) and s* = 1 - p* are the ioniza-
tion and sticking probabilities of the 2p+ leveL The effective 
lifetime is defined as4 
X~ + 271 - 1 1 
7et!" = =-p*r, +s*r2 , (4) 271-'(X; +72- 1) 2 
The conductance versus intensity data at three values of 
B are shown in Fig. 2. All data were taken with the FEL 
except for the solid circles which were obtained with a quasi-
cw laser. The solid curves are fits to G = eflP" r]g with g 
given above, where we assumel1 is independent of n. The off-
resonance data (B = 1.59 T and 2.28 T) were fit using g 
given by Eq. 0) with ar = 0, yielding n exI 1(1 +1 II,). 
This shows that Ii is not altered appreciably by saturating the 
photoionization of shaH ow donors. On resonance (B = 2.05 
T) and at the power levels attainable by quasi-cw lasers, the 
data can be fit using Eq. (3) ignoring the saturation of the 
background as was done in Ref. 5. At the intensity levels 
attainable with the PEL it is essential to include the back-
ground saturation. The fits to the on-resonance data gi.ve a 
resonant saturation intensity 1ST = fJtu (2Td f(ir ) - 1 
= 4.4 X 10- 4 J and background s~turation intensity 
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FIG. 2. Photoconductance as a function of intensity in units of peak intensi-
ty J = 30 W /cm2 . Circles: on resonance (2.05 T), full circles are obtained 
by a quasi-cw laser; triangles and squares: above (2.28 T) and below (1.59 
T) resonance, respectively. Saturation intensities arc indicated by arrows. 
Inset is photoconductive signal in vicinity of the Is-2p+ resonance. The 
structure on the low B wing of the line is due to transitions to the ( r, - 1,0) 
metastable donor state. 
l,c = w( 7 10"c) -1 = 4.0X 10 3 J, where J is the maximum 
intensity onto the sample of each circular polarization (30 
WI em -.2). The background saturation intensity off reso-
nance Is is greater than I se , Ise = O.lll, .. Since 71 is not ex-
pected to change so rapidly with a sman variation in B, we 
assume the lower value of background saturation intensity 
on resonance arises from a change in background O"c • 
On the low magnetic field side of the Is-2p t- line, a 
broad structure is observed whose high magnetic field wing 
overlaps the ls-2p +- line (Fig. 2 inset). The energy separa-
tion between the peak of this structure and the ls-2p + line is 
larger than the typical centml cell splitting in n-GaAs, II thus 
it cannot be attributed to a different donor. High-resolution 
Fourier transform spectroscopy revealed that this structure 
arises from transitions from the donor ground state to an 
excited metastable state in the N = 0 Landau subband with 
high field quantum numbers (N,mJ) = (1, - 1,O)Y Nand 
m are the Landau level and angular momentum quantum 
numbers, respectively, andj counts the donor states belong-
ing to on.e set of N,m. As electrons in the N = 0 Landau 
subband have angular moments m < 0, donor states with 
negative m, in contrast to the 2p4 state, are metastable and 
do not lead to bound states in the B = 0 limit. Electrons in 
such states may freely move into the continuum. Thus, opti-
cal excitations of these states simply contribute to the pho-
toionization of donors, although a is much larger than that 
of true free-electron states unaffected by the Coulomb poten-
tiaL 12 
The absorption cross section of this metastable state (J"c 
( on resonance) could be determined from the ratio Ise lIs, if 
O"c (off resonance) could be measured. Unfortunately (ie 
( off resonance) is very small, yield.ing a small absorbance in 
the thin epitaxial layers and has not been measured yet. 
However a" (off resonance) can be estimated from theoreti-
cal models of the photoionization of shallow donors at large 
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B. Using the work of Hasegawa and Howard 13 we find (Fe 
(off resonance) = 8 X 10-]5 cm2 for the present experimen-
tal conditions. This gives a e (on resonance) = UJI" )ac 
(off resonance) = 7 X 10- 14 cm2, yielding a recombination 
time TI = 144 ns. From this we obtain the ionization proba-
bility of the 2p + level at B = 2.05 T to be p* = 0.18 and 
therefore T2 = 18.4 ns. We conclude that only a fraction, 
possibly as smail as 0.18, of the optically populated 2p + lev-
els are actually ionized. This is plausible because the density 
of states of phol1ons required to transfer the electron from 
the 2p+ state into the high density of continuum states is 
very smalL 
SinceT I is the total recombination time, if we let the 
average capture time of free electrons in the N = 0 Landau 
level be TI • then we may write 71 = Tl + r;, where 7"; is the 
average time the electrons take to cascade down to the 
ground state. We must then replace Eq. (2) by n = Pa7lg 
with g still given by Eq. (3). The lifetime Tf of the present 
sample at 2.05 T is obtained from the decay of the photocur-
rent following a FIR pulse which has been switched off14 
7"f = 15 ns. This gives 7j = 129 ns, which is much longer 
than 7 2. Hence the recombination history of electrons cap-
tured in a high donor state below the N = 0 Landau level and 
those excited to the 2p + level and remaining on the donor are 
very different. It has been argued that the lowest excited 
state above the ground state, the 2sp level in zero magnetic 
field[5 or the 2p level in a field, 16,[7 represents a bottleneck 
in electron recombination because of the large energy sepa-
ration and the small phonon transition probability. Our find-
ing that 7; and 72 are very different indicates that the elec-
tron recombination from the 2p +- state cannot be controHed 
by a long-lived 2p- state. The lifetime of the 2p- has been 
measured to be 500 ns :'i; hence, there must be a different and 
faster recombination channel for the 2p+ state, probably 
proceeding through the intermediate 2s state. 
Under extreme saturating conditions g reduces to T1 1 
yielding the free-electron concentration n (F --> 00 ) = (7[/ 
T( )Pa = 0.07 Pu . Thus, even at high power levels, only a 
small fraction of available electrons are excited into the con-
duction band, in keeping with our assumption that the elec-
tron mobility remai.ns unaffected under these conditions. 
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In summary, we have determined the recombination 
lifetime of electrons in the N = 0 Landau level and the life-
time of electrons excited to the 2p+ state. Our investigati()IlS 
show that the kinetics of electrons at low temperatures in a 
high-purity semicondutor may be inferred from saturation 
measurements using the UCSB FEL. Si.nce the FEL is tuna-
ble in the FIR and has sufficiently long pulses, nonlinear 
spectroscopy need no longer be limited to the few strong 
molecular laser lines available. 
We wish to thank Vincent Jaccarino for helpful discus-
sions. W. P. thanks the Deutsche Forsc:hungsgemeinschaft 
for financial support. The research at UCSB was supported 
by Department of Energy grant number DOE ER45089 and 
Department of Defense Instrumentation grants and Office 
of Naval Research contracts N000014-87-G:0026 and 
N000014-86-K-OllO. 
'T. Murotani and Y. Nisida, J. Phys. Soc. Jpn. 32, 986 (1972). 
2E. Gornick, T. K. Chang, T. J. Bridgcs, V. T. Nguyen, L D. McGee, and 
W. Miiller, Phys. Rev. Lett. 41l, 115! (1978). 
'K 1\1l1ro, N. Yutani, and Sh. Narita, J. Phys. Soc. Jpn. 49, 593 (1980). 
4C. R. Pidgeon, A. Vass, O. R. Allan, W. Prett!, and L. A. Eaves, Phys. 
Rev. Lett. 50, 1309 (1983). 
50. R. Allan, A. Black, C. R. Pidgeon, E. Gornik, W. Seidcnbusch, and P. 
Colter, P1tys. Rev. B 31, 3560 (1985). 
oW. Pretti, A. Yass, G. R. Allan, and e. R. Pidgeon, Int. J. Infrared and 
Millimeter Waves 4, 56! (1983). 
7M. Wcispfenning, I. Hoeser, W. Bohn, and W. Prettl, Phys. Rev. Lett. 55, 
754 (1985). 
"L. R. Elias, G. Ramian, J, Hu, and A. Amir, Phys. Rev. Lett. 57, 424 
(1986). 
"J. Simola and J. Virtamo, J. Phys. B 11, 3309 (1978). 
IOJagdeep Shah, Solid-State Electron. 21, 43 (1978). 
1 'e. J. Armistead, P. Knowles, S. P. Najda, and R. A. Stradling, J. Phys. B 
11,3309 (1978). 
12W. S. Boyle and R. E. Howard, J. Phys. Chern. Solids 19, 181 (1961). 
LlH. Hasegawa and R. K Howard, J. Phys. Chern. Solids 21, 179 (1961). 
"The FiR was transmitted through a 5i wafer which was made reflecting by 
the application of a pulse from a Q-switched Nd:Y AG laser. The switch-
off time was 5 ns. 
"F. Brown, A. Adamson, and P. A. Wolff, Int. 1. Infrared and Millimeter 
Waves 1, 277 (1980). 
"'Y. K Zverev and D. V. SkovkuJl, SOy. Phys. JETP 60,1003 (1984). 
PJ. M. Chamberlain, A. A. Reeder, 1.,. M. Glaesen, G. L. J . .4.. Rikken, and 
P. Wyder, Phys. Rev. B 35,2391 (1987). 
Kaminski et al. 235 
Downloaded 25 Oct 2010 to 132.199.32.100. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
